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(57) ABSTRACT

An o,p-unsaturated aldehyde and/or an a,-unsaturated car-
boxylic acid are prepared by gas phase oxidation of alkene
with molecular oxygen over a fixed catalyst bed comprising a
bed of hollow cylindrical shaped catalyst bodies having a
multimetal oxide active composition. The fixed catalyst bed
comprises at least three successive reaction zones; the highest
local temperature in the fixed catalyst bed does not occur in
the reaction zone closest to the reactor outlet; the highest local
temperature in the fixed catalyst bed does not occur in the
reaction zone closest to the reactor inlet; and the value WT=
(ED-ID)/2 in the reaction zone in which the highest local
temperature in the fixed catalyst bed occurs is lower than in
the other reaction zones, in which ED is the external diameter
and ID is the internal diameter of the shaped catalyst body.
The yield of the products of value is enhanced in this way.

22 Claims, No Drawings
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PROCESS FOR PREPARING AN
UNSATURATED ALDEHYDE AND/OR AN
UNSATURATED CARBOXYLIC ACID

At present, the preparation of a,fp-unsaturated aldehydes
and/or a,B-unsaturated carboxylic acids on the industrial
scale, especially of acrolein and acrylic acid, is effected
essentially by heterogeneously catalyzed partial oxidation of
alkenes (see, for example, DE-A 103 36 386 regarding prepa-
ration of acrylic acid by partial oxidation of propene).

The reaction is strongly exothermic, as a result of which a
temperature profile characterized by a highest local tempera-
ture is established along the gas flow in the catalyst bed.

If this temperature is high, this is accompanied by
increased oxidation. This results in a decrease in the yield of
the products of value (of a,p-unsaturated aldehyde and o.,f3-
unsaturated carboxylic acid).

At high temperatures, the catalyst is also deactivated more
quickly. The deactivation is particularly marked in regions
having particularly high temperature. The advancing deacti-
vation of the catalyst also reduces the yield of the products of
value.

The prior art has proposed processes for partial oxidation
of alkenes to o,f-unsaturated aldehydes and o, 3-unsaturated
carboxylic acids with increased yield of product of value. One
proposal has been that of structured catalyst beds along the
flow direction of the gases.

EP 1 350 566 B1 discloses a process for preparing an
unsaturated aldehyde and/or an unsaturated carboxylic acid
by gas phase oxidation in a fixed-bed multitubular reactor.
The particulate catalysts have a hole, the external diameter D1
being in the range from 3 to 15 mm and the diameter D2 of the
hole being in the range from 0.1xD1 to 0.7xD1. The catalyst-
packed layer of each reaction tube is divided into three reac-
tion zones in tubular axial direction, the diameter of the hole
in the second reaction zone being less than in the first reaction
zone, and the external diameter in the third reaction zone
being less than in the second reaction zone. The dimensions
reported in mm (external diameter (ED)xheight (H)xinternal
diameter (ID)) of the catalysts in examples 1-3 and 1-5 were
7.0x7.7x3.0 in the first reaction zone, 6.0x6.6x2.0 in the
second reaction zone and 5.5x6.1x2.0 in the third reaction
zone.

EP1526123B1 describes a catalytic gas phase oxidation
reaction for production of an unsaturated aldehyde or an
unsaturated carboxylic acid in a fixed-bed multitubular reac-
tor. The catalyst-packed fixed bed comprises at least two
reaction zones, the occupation volume, meaning the volume
of'the catalyst neglecting the void volumes, in a reaction zone
closest to the gas outlet side being less than that in a reaction
zone closest to the gas inlet side. In particular examples, 3
reaction zones with hollow cylindrical catalysts are used. In
these examples, the dimensions of the catalyst in two imme-
diately adjacent reaction zones in each case are the same.

In industrial scale processes, even small yield enhance-
ments are worthwhile. It is therefore an object of the present
invention to further enhance the yield of the products of value.

The object is achieved by a process for preparing an o,f3-
unsaturated aldehyde and/or an a,f-unsaturated carboxylic
acid by gas phase oxidation of an alkene with molecular
oxygen over a fixed catalyst bed comprising a bed of hollow
cylindrical shaped catalyst bodies having a multimetal oxide
active composition, wherein
(1) the fixed catalyst bed comprises at least three successive

reaction zones;

(i1) the highest local temperature in the fixed catalyst bed does
not occur in the reaction zone closest to the reactor outlet;

2

(iii) the highest local temperature in the fixed catalyst bed
does not occur in the reaction zone closest to the reactor
inlet; and

(iv) the value WT according to the following equation in that

5 reaction zone in which the highest local temperature in the
fixed catalyst bed occurs is lower than in the other reaction
zones:

10 _ED-ID

wr
2

in which ED is the external diameter and ID is the internal
15 diameter of the shaped catalyst body.

The alkene is preferably selected from alkenes having 3 to
6, i.e. 3, 4, 5 or 6, carbon atoms; preferably selected from
propene and isobutene. Propene is particularly preferred.
Especially useful are polymer-grade propene and chemical-
grade propene, as described, for example, by DE-A 102 32
748.

The process is particularly suitable for preparation of c.,f3-
unsaturated aldehydes, especially for preparation by gas
phase oxidation of propene, and of methacrolein by gas phase
oxidation of isobutene. Itis preferably a process for preparing
acrolein by gas phase oxidation of propene.

In the process according the invention, hollow cylindrical
shaped catalyst bodies are used, having a multimetal oxide
active composition. Multimetal oxides for gas phase oxida-
tion of alkenes to a,-unsaturated aldehydes and/or o.,-un-
saturated carboxylic acids are known per se. Therefore, a
useful multimetal oxide is any capable of catalyzing this gas
phase oxidation. Preferably, the active composition of the
shaped catalyst bodies in the reaction zones is the same.

A reaction zone is understood to mean a coherent section of
the bed which comprises shaped catalyst bodies and in which
the composition of the bed is essentially homogeneous. In the
bed, exclusively hollow cylindrical shaped catalyst bodies or
else substantially homogeneous mixtures of hollow cylindri-
cal shaped catalyst bodies and shaped diluent bodies are
present. Within a reaction zone too, the bed is only approxi-
mately homogeneous, since the hollow cylindrical shaped
catalyst bodies and any shaped diluent bodies in the reaction
zone are generally aligned randomly and distributed statisti-
cally. The individual reaction zones differ from one another in
at least one property selected from the content of inert shaped
diluent bodies, form of the catalysts, space-filling level of the
catalysts, active composition content of the catalysts and
chemical composition of the active composition.

A non-monotonous temperature profile is established over
the catalyst bed. There is development in the catalyst bed of
local temperature maxima, called “hotspots”, where the tem-
perature is higher than in adjacent parts of the catalyst bed.
The “highest local temperature in the fixed catalyst bed” is
understood to mean the highest local temperature maximum
in the entire fixed catalyst bed.

The geometry of the hollow cylindrical shaped catalyst
bodies is characterized by the dimensions of external diam-
eter (ED), height (H) and internal diameter (ID). The hollow
cylindrical geometry of the present shaped catalyst bodies
can be described by two cylinders of equal height and having
coincident axes. One of the cylinders has a diameter ID. The
other cylinder has a diameter ED. The outer surface of the
inner cylinder coincides with the inner face of the hollow
5 cylindrical shaped catalyst body. The outer surface of the

outer cylinder coincides with the outer face of the hollow

cylindrical shaped catalyst body.
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The value WT corresponds to the wall thickness (WT) of
the hollow cylindrical shaped catalyst bodies (equation 1).

ED-ID
T2

WT (equation 1)

In the process according to the invention, WT in that reac-
tion zone in which the highest local temperature in the fixed
catalyst bed occurs is smaller than in the other reaction zones.

In at least one reaction zone, preferably in all the reaction
zones, shaped catalyst bodies having a geometric volume of
preferably less than 120 mm?>, more preferably less than 80
mm?®, especially preferably less than 60 mm?, are used. It can
be calculated on the basis of the height H of the cylinder, the
external diameter ED and the diameter of the inner bore ID. A
hollow cylinder having the dimensions ED=4 mm, H=3 mm
and ID=2 mm, for example, has a geometric volume of 28.27
mm?>.

In at least one reaction zone, preferably in all the reaction
zones, shaped catalyst bodies having a ratio of geometric
volume to geometric surface area of less than 0.9 mm, pref-
erably less than 0.7 mm, more preferably less than 0.55 mm,
are used. More preferably, the shaped catalyst bodies, at least
in that reaction zone in which the highest local temperature in
the fixed catalyst bed occurs, have a ratio of geometric vol-
ume to geometric surface area of less than 0.5 mm, preferably
less than 0.45 mm, more preferably less than 0.4 mm.

The geometric surface area is an idealized parameter and
does not take account of the increase in surface area caused by
the porosity or surface roughness of the shaped body. The
geometric surface area of hollow cylindrical shaped catalyst
bodies is calculated by the following formula:

Fie
5((ED)2 — (IDY) +(ED + ID)H

Preferably, the volume-specific catalyst activity of that
reaction zone in which the highest local temperature in the
fixed catalyst bed occurs is lower than in the other reaction
zones.

The (relative) volume-specific catalyst activity can be
determined as the reaction rate of an individual reaction zone
based on the catalyst bed volume. The (relative) volume-
specific catalyst activity is determined using only one catalyst
bed in each case, which reflects the composition of a reaction
zone. The other reaction conditions, especially the control of
the reactor temperature, the composition of the reaction gas
and the space velocity on the bed, and also the bed length, are
not varied in the determination of the volume-specific catalyst
activity. The reaction rate, which is crucial for the determi-
nation ofthe (relative) volume-specific catalyst activity, is the
rate at which the alkene is converted.

The volume-specific catalyst activity of a reaction zone can
be varied by altering the catalyst active composition density.
The catalyst active composition density is defined as the ratio
of the weight of the active composition introduced into the
respective reaction zone to the volume of the respective reac-
tion zone.

Preferably, the catalyst active composition density of that
reaction zone in which the highest local temperature of the
fixed catalyst bed occurs is lower than in the other reaction
zones.

The catalyst active composition density or the volume-
specific catalyst activity of a reaction zone can be reduced by
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using a substantially homogeneous mixture of hollow cylin-
drical shaped catalyst bodies and shaped diluent bodies in the
reaction zone. The higher the proportion of shaped diluent
bodies selected, the lower the proportion of active composi-
tion present in the reaction zone.

The catalyst active composition density or the volume-
specific catalyst activity can be reduced by using hollow
cylindrical shaped catalyst bodies in which the active com-
position is in diluted form, diluted by finely divided inert
dilution materials such as finely divided silicon carbide or
finely divided silicates such as magnesium silicate and alu-
minum silicate or steatite. For instance, it is possible to mix a
finely divided powder of an active composition with finely
divided dilution material, and to shape the resulting mixed
powder to a geometric shaped body using a shaping process
(preferably by tableting).

The volume-specific catalyst activity can be reduced by
using hollow cylindrical shaped catalyst bodies which have
been calcined at elevated temperature and/or over a longer
period in that reaction zone in which the highest local tem-
perature in the fixed catalyst bed occurs.

The lower volume-specific catalyst activity is preferably
achieved at least partly, especially preferably exclusively,
through appropriate selection ofthe dimensions of the hollow
cylindrical shaped catalyst bodies.

In one embodiment, the external diameter of the shaped
catalyst bodies in that reaction zone in which the highest local
temperature in the fixed catalyst bed occurs is less than the
external diameter of the shaped catalyst bodies in the other
reaction zones, and the internal diameter of the shaped cata-
lyst bodies in all the reaction zones is the same.

In an alternative embodiment, the internal diameter of the
shaped catalyst bodies in that reaction zone in which the
highest local temperature in the fixed catalyst bed occurs is
greater than the internal diameter of the shaped catalyst bod-
ies in the other reaction zones, and the external diameter of the
shaped catalyst bodies in all the reaction zones is the same.

Preferably, the fixed catalyst bed comprises three succes-
sive reaction zones, and (i) the first reaction zone has 70 to
90% of the volume-specific catalyst activity of the third reac-
tion zone, and (ii) the second reaction zone has 50 to 70% of
the volume-specific catalyst activity of the third reaction
zone.

Preferably, the fixed catalyst bed comprises three succes-
sive reaction zones, and (i) the first reaction zone has 70 to
90% of the catalyst active composition density of the third
reaction zone, and (ii) the second reaction zone has 50 to 70%
of'the catalyst active composition density of the third reaction
zone.

Advantageous hollow cylindrical shaped bodies have a
ratio of height to external diameter (H/ED) in the range from
0.4 to 0.9, preferably 0.45 to 0.85.

In general, the hollow cylindrical shaped catalyst bodies
have an external diameter of 3 to 5 mm, a height of 2 to 4 mm
and an internal diameter of 1 to 4 mm.

Preferably, the height of the shaped catalyst bodies in all
the reaction zones is the same.

Preferably, the fixed catalyst bed comprises three succes-
sive reaction zones, and (i) the first reaction zone comprises
shaped catalyst bodies having an external diameter of 5 mm,
a height of 3 mm and an internal diameter of 2 mm, (ii) the
second reaction zone comprises shaped catalyst bodies hav-
ing an external diameter of 5 mm, a height of 3 mm and an
internal diameter of 3 mm, and (iii) the third reaction zone
comprises shaped catalyst bodies having an external diameter
of'5 mm, a height of 3 mm and an internal diameter of 2 mm.



US 9,169,188 B2

5

More preferably, the fixed catalyst bed comprises three
successive reaction zones, and (1) the first reaction zone com-
prises shaped catalyst bodies having an external diameter of 5
mm, a height of 2.5 mm and an internal diameter of 2 mm, (ii)
the second reaction zone comprises shaped catalyst bodies
having an external diameter of 5 mm, a height of 2.5 mm and
an internal diameter of 3 mm, and (iii) the third reaction zone
comprises shaped catalyst bodies having an external diameter
of 5 mm, a height of 2.5 mm and an internal diameter of 2 mm.

Preferably, the fixed catalyst bed comprises three succes-
sive reaction zones, and (i) the first reaction zone comprises
shaped catalyst bodies having an external diameter of 5 mm,
a height of 3 mm and an internal diameter of 2 mm, (ii) the
second reaction zone comprises shaped catalyst bodies hav-
ing an external diameter of 4 mm, a height of 3 mm and an
internal diameter of 2 mm, and (iii) the third reaction zone
comprises shaped catalyst bodies having an external diameter
of'5 mm, a height of 3 mm and an internal diameter of 2 mm.

Preferably, the fixed catalyst bed comprises three succes-
sive reaction zones, and (i) the first reaction zone comprises
shaped catalyst bodies having an external diameter of 5 mm,
a height of 2.5 mm and an internal diameter of 2 mm, (ii) the
second reaction zone comprises shaped catalyst bodies hav-
ing an external diameter of 4 mm, a height of 2.5 mm and an
internal diameter of 2 mm, and (iii) the third reaction zone
comprises shaped catalyst bodies having an external diameter
of 5 mm, a height of 2.5 mm and an internal diameter of 2 mm.

Either both of or, as described in EP-A 184790 or U.S. Pat.
No. 4,656,157, only one of the end faces of the hollow cylin-
drical shaped catalyst bodies may be curved, for example in
such a way that the radius of curvature is preferably 0.4 to 5
times the external diameter E. Preferably in accordance with
the invention, neither of the end faces is curved.

Preferably, the fixed catalyst bed comprises three succes-
sive reaction zones, and (i) the first reaction zone makes up 2
to 5% of the volume of the fixed catalyst bed, (ii) the second
reaction zone makes up 25 to 45% of the volume of the fixed
catalyst bed, and (iii) the third reaction zone makes up 50 to
73% of the volume of the fixed catalyst bed.

The volume of the fixed catalyst bed is understood to mean
the superficial volume occupied by the bed. It is calculated by
multiplying the length of the fixed catalyst bed by the cross-
sectional area thereof.

One or more reaction zones of the fixed catalyst bed may
comprise mixtures of shaped catalyst bodies and inert mate-
rial. The inert material is preferably in the form of shaped
bodies. The geometry of these shaped diluent bodies may in
principle be as desired. In other words, they may, for example,
be spheres, polygons, solid cylinders or else hollow cylinders.
More preferably, the inert material is in the form of hollow
cylindrical shaped bodies having dimensions corresponding
essentially to the external diameter, height and internal diam-
eter of the shaped catalyst bodies used in the respective reac-
tion zone. Preferably, the external diameter, height and inter-
nal diameter each differ by not more than 0 to 1 mm from the
external diameter, height and internal diameter of the shaped
catalyst bodies used in the respective reaction zone. Prefer-
ence is given to using steatite as inert material.

The hollow cylindrical shaped catalyst bodies preferably
consist predominantly of the multimetal oxide, especially to
an extent of 80 to 100% by weight, further preferably to an
extent of 85 to 100% by weight, more preferably to an extent
0190 to 100% by weight (so-called shaped unsupported cata-
lyst bodies). In addition, shaping aids and/or finely divided
inert diluent material may be present in the hollow cylindrical
shaped catalyst bodies.
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The shaping aids are especially reinforcers such as microfi-
bers, for example of glass, asbestos, silicon carbide or potas-
sium titanate, which have a beneficial effect on the integrity of
the resulting shaped body after the shaping has ended. Other
shaping aids, especially lubricants, for example graphite, car-
bon black, polyethylene glycol, polyacrylic acid, stearic acid,
starch, mineral oil, vegetable oil, water, glycerol, cellulose
ether, boron trifluoride and/or boron nitride, which can be
added in the course of production of the shaped catalyst body,
escape wholly or partly in the form of gaseous compounds
(e.g. CO, CO,), especially in the course of calcination.

Useful finely divided inert diluent materials include ele-
ment oxides which have been calcined at high temperatures
and have a comparatively low pore level as a result, such as
aluminum oxide, silicon dioxide, thorium dioxide and zirco-
nium dioxide. Other inert diluent materials which may be
present in the shaped catalyst bodies include finely divided
silicon carbide or finely divided silicates such as magnesium
silicate and aluminum silicate, or steatite.

Also useful as hollow cylindrical shaped catalyst bodies
are hollow cylindrical eggshell catalysts. The hollow cylin-
drical eggshell catalysts may comprise, for example, an active
composition applied to inert hollow cylindrical shaped bod-
ies.
The density of the shaped catalyst bodies is preferably 1.2
to 2.0 g/em®. It is calculated by dividing the mass of the
shaped catalyst body by the geometric volume thereof.

Multimetal oxides for gas phase oxidation of alkenes to
a,p-unsaturated aldehydes and/or a,f-unsaturated carboxy-
lic acids are known per se. A suitable multimetal oxide is
therefore any capable of catalyzing this gas phase oxidation.
Preferably, the multimetal oxide comprises at least the ele-
ments iron, bismuth and at least one of the elements molyb-
denum and tungsten.

The multimetal oxide may correspond, for example, to the
formula (1)

Moy,BiFe,X! X2 X3 X0, @
in which
X! is nickel and/or coballt,
X? is thallium, an alkali metal and/or an alkaline earth metal,
X3 is zinc, phosphorus, arsenic, boron, antimony, tin, cerium,
lead, vanadium, chromium and/or tungsten,
X* is silicon, aluminum, titanium and/or zirconium,
a is a number in the range from 0.2 to 5,
b is a number in the range from 0.01 to 10,
¢ is a number in the range from 0 to 10,
d is a number in the range from 0 to 2,
e is a number in the range from 0 to 8,
fis a number in the range from 0 to 10, and
n is a number which is determined by the valency and fre-

quency of the elements other than oxygen in (I);

or correspond to the formula (II)

(Y Y20, Y3 Y Y Y Y Y5,0,1, (n

in which

Y is bismuth or is bismuth and at least one of the elements
tellurium, antimony, tin and copper,

Y? is molybdenum or tungsten, or is molybdenum and tung-
sten,

Y? is an alkali metal, thallium and/or samarium,

Y*is an alkaline earth metal, nickel, cobalt, manganese, zinc,
tin, cadmium and/or mercury,

Y? is iron or is iron and at least one of the elements vanadium,
chromium and cerium,

Y¢ is phosphorus, arsenic, boron, antimony and/or bismuth,
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Y7 is a rare earth metal, titanium, zirconium, niobium, tanta-
lum, rhenium, ruthenium, rhodium, copper, silver, gold,
aluminum, gallium, indium, silicon, germanium, lead, tho-
rium and/or uranium,

Y*® is molybdenum or tungsten, or is molybdenum and tung-
sten,

a' is a number in the range from 0.01 to 8§,

b' is a number in the range from 0.1 to 30,

¢'is a number in the range from 0 to 4,

d' is a number in the range from 0 to 20,

' is a number greater than O in the range from 0 to 20,

f' is a number in the range from 0 to 6,

g' is a number in the range from 0 to 15,

h' is a number in the range from 8 to 16,

x' and y' are numbers which are determined by the valency
and frequency of the elements other than oxygen in (II),
and

p and q are numbers whose ratio p/q is 0.1 to 10.

In the formula (1), the stoichiometric coefficient b is pref-
erably 2 to 4, the stoichiometric coefficient ¢ is preferably 3 to
10, the stoichiometric coefficient d is preferably 0.02 to 2, the
stoichiometric coefficient e is preferably O to 5 and the sto-
ichiometric coefficient a is preferably 0.4 to 2. The stoichio-
metric coefficient f is advantageously 0.5 or 1 to 10. More
preferably, the aforementioned stoichiometric coefficients
are all within the preferred ranges mentioned.

In addition, X" is preferably cobalt, X? is preferably K, Cs
and/or Sr, more preferably K, X is preferably tungsten, zinc
and/or phosphorus and X* is preferably Si. More preferably,
the variables X to X* all have the aforementioned definitions.

More preferably, all the stoichiometric coefficients a to f
and all the variables X' to X* have their aforementioned
advantageous definitions.

Within the stoichiometries of the formula (I) preference is
given to those which correspond to the formula (Ia)

Mo ,Bi Fe, X' X? X0, (Ia)
in which

X' is Co and/or Ni,

X? is alkali metal,

X*is Si and/or Al,

a is a number in the range from 0.3 to 1,

b is a number in the range from 0.5 to 10,

¢ is a number in the range from 2 to 10,

d is a number in the range from 0 to 0.5,

fis a number in the range from 0 to 10, and

n is a number which is determined by the valency and fre-
quency of the elements other than oxygen in (Ia).
Preferably, in the crystalline components of the multimetal

oxide of the formula (1), aside from B-X'MoQ, as the main

component, Fe,(MoQ,); is present as a secondary compo-
nent, and no MoQOj; is present.

Among the metal oxides of the formula (Ia), cobalt-con-
taining multimetal oxides have been found to be particularly
useful. In a particularly preferred embodiment, the multim-
etal oxide corresponds to the formula (Ia) in which X" is Co,
X?is K, X*is Si, ais a number in the range from 0.5 to 1, b is
anumber in the range from 1.5to 3, ¢ is a number in the range
from 7 to 8.5, d is a number in the range from 0to0 0.15, fis a
number in the range from 0 to 2.5.

Preferably, the multimetal oxide of the formula (Ia) fulfills
the following conditions 1, 2 and 3:
condition 1: 12—c-1.5-b=A where A is a number in the range
from 0.5 to 1.5;
condition 2: the quotient a/A is a number in the range from 0.2
to 1.3;
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condition 3: the quotient ¢/b is a number in the range from 2.5
t0 9.

Preferably, the composition of the multimetal oxide (Ia) is
Mo, ,Bi, Fe;Co Ky 05581, (O, and more  preferably
Mo, ,Bi, sFe; 1 Cog 3K 05511 60,

In multimetal oxides of the formula (II), regions of the
chemical composition [Y',Y?,00_] and regions of the
chemical composition [Y>_Y*,Y e,Y6fY7g,Y ShOy,] are dis-
tributed relative to one another as in a mixture of finely
divided Y, Y?,0,.] and finely divided
Y.Y* .Y, Y°,. Y Y®,0.]

Preference is given to multimetal oxides of the formula (II)
comprising three-dimensional regions which differ from their
local environment on the basis of their different composition
than their local environment and are of the chemical compo-
sition Y'Y, 0., and which have a maximum diameter
(longest connecting line passing through the center of the
region between two points on the surface (interface) of the
region) of 1 nm to 100 um, frequently 10 nm to 500 nm or 1
um to 50 or 25 pm.

In addition, it is advantageous when at least 25 mol %
(preferably atleast 50 mol % and more preferably 100 mol %)
of the total proportion of [Y',Y?,00,], in the multimetal
oxides of the stoichiometry (II) is present in the multimetal
oxides of the stoichiometry (II) in the form of three-dimen-
sional regions which differ from their local environment on
the basis of their different chemical composition than their
local environment and are of the chemical composition
Y',Y?,0,, and which have a maximum diameter in the
range from 1 nm to 100 pm.

Advantageous multimetal oxides of the stoichiometry (II)
are those in which Y is bismuth alone. Among the multimetal
oxides of the formula (II), preference is given to those which
correspond to the formula (1la)

[Bia Y2, 0, Y3 Y Fe YO Y8150, (ITa)

in which

Y? is molybdenum or tungsten, or is molybdenum and tung-
sten,

Y3 is an alkali metal and/or thallium, preferably K, Cs,

Y* is an alkaline earth metal, nickel, cobalt and/or tin,

Y* is phosphorus, arsenic, boron, antimony and/or bismuth,

Y’ is titanium, zirconium, aluminum, silicon, copper, silver
and/or gold, preferably Si,

Y*® is molybdenum or tungsten, or is molybdenum and tung-
sten,

a' is a number in the range from 0.1 to 2,

b' is a number in the range from 0.2 to 4,

¢'is a number in the range from 0.02 to 2,

d' is a number in the range from 3 to 10,

e'is a number in the range from 0.01 to 5, preferably 0.1 to 4,

f' is a number in the range from O to 5,

g' is a number in the range from 0 to 10, preferably a number
greater than 0 in the range from 0 to 10, more preferably a
number in the range from 0.2 to 10 and most preferably a
number in the range from 0.4 to 3,

x' and y' are numbers which are determined by the valency
and frequency of the elements other than oxygen in (Ila),
and

p and q are numbers whose ratio p/q is 0.1 to 5, preferably 0.4
to 2.

Among the multimetal oxides of the formula (Ila), prefer-
ence is given to those in which Y? is tungsten and Y® is
molybdenum.

Preference is further given to multimetal oxides of the
stoichiometry (Ila) comprising three-dimensional regions
which differ from their local environment on the basis of their
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different composition than their local environment and are of
the chemical composition Bi,.Y*,O,, and which have a
maximum diameter (longest connecting line passing through
the center of the region between two points on the surface
(interface) of the region) of 1 nm to 100 um, frequently 10 nm
to 500 nm or 1 um to 50 or 25 um.

Correspondingly, it is advantageous when at least 25 mol
% (preferably at least 50 mol % and more preferably 100 mol
%) of the total proportion of [Bi,Y>, 0, ] ,, in the multimetal
oxides of the stoichiometry (Ila) is present in the multimetal
oxides of the stoichiometry (IIa) in the form of three-dimen-
sional regions which differ from their local environment on
the basis of their different chemical composition than their
local environment and are of the chemical composition
[Bi,Y?,0, ], and which have a maximum diameter in the
range of 1 nm to 100 pm.

The composition of the multimetal oxide (I1a) is preferably
[Bi, W,0,], 5[Kq 0sCos sFe;Si; sMo,,0,,] and more prefer-
ably [Bi; W50,]o 4[Ko 0sCos sFe;S1; ¢{Mo,,0,].

It is preferably a feature of the multimetal oxide that it has
essentially no local centers of element oxides (e.g. iron
oxide). Instead, these elements are very substantially part of
complex, mixed oxomolybdates. This reduces the unwanted
full combustion of organic reaction gas constituents.

The multimetal oxide can be produced by using suitable
sources of the elemental constituents thereof (especially other
than oxygen) to produce a preferably finely divided intimate
dry mixture of a composition corresponding to the particular
stoichiometry, and, optionally after shaping to give hollow
cylindrical shaped bodies, which is optionally effected with
use of shaping aids, calcining the latter at temperatures in the
range from 350to 650° C. The term “source” in this document
refers to a starting material for preparation of the multimetal
oxide. The calcination can be effected either under inert gas or
under an oxidative atmosphere, for example air (or another
mixture of inert gas and molecular oxygen), or else under a
reducing atmosphere (e.g. a mixture of inert gas, NH;, CO
and/or H,) or under reduced pressure. The calcination time
may be a few minutes to a few hours and typically decreases
with the calcination temperature.

Useful sources include those compounds which are already
oxides of metals present in the metal oxide and/or those
compounds convertible to oxides by heating, at least in the
presence of oxygen.

As well as the oxides, useful sources are particularly
halides, nitrates, formates, oxalates, citrates, acetates, car-
bonates, amine complexes, ammonium salts and/or hydrox-
ides of metals present in the metal oxide, and hydrates of the
aforementioned salts. Compounds such as NH,OH, (NH,)
CO,, NH,NO,, NH,CHO,, CH,COOH, NH,CH,CO, and/
or ammonium oxalate, which can be broken down and/or
decomposed to compounds which escape in gaseous form in
the later calcination at the latest, can additionally be incorpo-
rated into the intimate dry mixture. Useful substances of this
kind, which decompose in the course of calcination, also
include organic materials, for example stearic acid, malonic
acid, ammonium salts of the aforementioned acids, starches
(e.g. potato starch and corn starch), cellulose, ground nut-
shells and finely ground polymer (e.g. polyethylene, polypro-
pylene etc.).

The intimate mixing of the sources for preparation of the
multimetal oxide can be effected in dry form or in wet form.
Ifit is effected in dry form, the sources are appropriately used
in the form of fine powders. However, the intimate mixing is
preferably effected in wet form.

Advantageously in accordance with the invention, the
sources are mixed with one another in the form of solutions
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and/or suspensions, and the resulting wet mixture is then
dried to give an intimate dry mixture. The solvent and/or
suspension medium used is preferably water or an aqueous
solution.

Particularly intimate dry mixtures are obtained in the
above-described mixing process when the starting materials
are exclusively sources in dissolved form and/or colloidally
dissolved sources of the elemental constituents. Generally, a
starting compound may be a source for only one or for more
than one of the elemental constituents. Correspondingly, any
above-listed source in dissolved form or in colloidal form
may have only one or else more than one of the elemental
constituents. The drying of the resulting wet mixtures is pref-
erably effected by spray-drying.

The element silicon can be introduced, for example, in the
form of a silica sol for production of the wet mixture. Silica
sols are colloidal solutions of amorphous silica in water. They
have the fluidity of water and do not comprise any sediment-
able constituents. The SiO, content thereof may be up to 50%
by weight or more, often over a shelf life of several years
(without sedimentation).

A source may also be partly dissolved and partly in colloi-
dal form.

A favorable Mo source is ammonium heptamolybdate tet-
rahydrate. Further possible Mo sources are ammonium ortho-
molybdate ((NH,),MoO,), ammonium dimolybdate ((NH,,)
,Mo0,0,), ammonium tetramolybdate dihydrate ((NH,)
»,Mo,0,;x5H,0) and ammonium decamolybdate dihydrate
((NH,),Mo, ,05,x2 H,0). In principle, however, it is also
possible to use molybdenum trioxide, for example.

A preferred K source is KOH (potassium hydroxide). In
principle, however, it is also possible to use KNO; or the
hydrate thereof as the K source.

Preferred Bi sources have the Bi in the form of Bi**. Useful
Bi sources include, for example, bismuth(III) oxide, bismuth
(IIMoxide nitrate (bismuth subnitrate), bismuth(III) halide
(e.g. fluoride, chloride, bromide, iodide) and especially bis-
muth(I1l) nitrate pentahydrate. Particular preference is given
to using aqueous solutions of bismuth nitrate in nitric acid.

Preferred Fe sources are salts of Fe®*, among which par-
ticular preference is given to iron(Il])nitrate hydrates (cf., for
example, DE-A 102007003076). A particularly preferred Fe
source is iron(IIl) nitrate nonahydrate. It is of course also
possible to use salts of Fe** as the Fe source.

To prepare the multimetal oxide, based on the total molar
proportion of Fe present therein, at least 50 mol %, better at
least 75 mol % and preferably at least 95 mol % is introduced
in the form of an Fe source which has the Fe as Fe**. It is also
possible to use Fe sources having both Fe** and Fe’*.

Suitable Co sources are the salts thereof having the Co as
Co** and/or Co®*. Examples of these include cobalt(Il)
nitrate hexahydrate, Co;0,, CoO, cobalt(Il) formate and
cobalt(III) nitrate. Cobalt(Il) nitrate hexahydrate is preferred.
Particular preference is given to using aqueous solutions of
cobalt nitrate in nitric acid solution.

In general, the production of the wet mixture is preferably
effected under air (advantageously, the wet mixture is air-
saturated). This is especially true when the Co source used
and the Fe source used are salts of Co®* and salts of Fe**. This
is particularly true when these salts are the nitrates and/or
hydrates thereof.

The intimate mixing of the sources for production of the
multimetal oxide is preferably effected in wet form, more
preferably in aqueous form. In this case, preferably at least
one source of the elements Co, Fe and Biis used to produce an
aqueous solution A. Preferably, the aqueous solution A is an
aqueous solution of the nitrates or nitrate hydrates of Co, Bi



US 9,169,188 B2

11

and Fe. More preferably, the aqueous solution A is an aqueous
solution of the nitrates or nitrate hydrates in aqueous nitric
acid. Such a solution can also be obtained by dissolving the
corresponding metals in aqueous nitric acid.

Atleast one source of the element Mo and optionally one or
more sources of the element K are used to produce an aqueous
solution B.

A preferred Mo source for preparation of an aqueous solu-
tion B is ammonium heptamolybdate tetrahydrate ((NH,)
sMo,0,,x4H,0). If the aqueous solution B comprises K, the
source thereof used for preparation of aqueous solution B is
advantageously KOH.

The total Co, Fe and Bi content in the aqueous solution A is
appropriately, based on the amount of water present in the
aqueous solution A, 10 to 25% by weight, advantageously 15
to 20% by weight.

The total Mo content in the aqueous solution B is appro-
priately, based on the amount of water present in the aqueous
solution B, 3 to 25% by weight, advantageously 5 to 15% by
weight.

Preferably, the aqueous solution A and the aqueous solu-
tion B are mixed with one another. The procedure here is
advantageously to stir the aqueous solution A continuously
into the aqueous solution B, preferably with vigorous stirring
of'the initially charged aqueous solution B. The total Mo, Co,
Fe and Bi content of the resulting wet mixture of aqueous
solution A and aqueous solution B is appropriately, based on
the amount of water present in the wet mixture, 5 to 25% by
weight, preferably 8 to 20% by weight.

More particularly, for preparation of active compositions
of the stoichiometry of the general formula II or Ila, it is
advantageous to preform a mixed oxide Y',Y?, 0, or
Bi, Y?,0,.as a source of the elements Y', Y or Bi, Y* in the
absence of the other constituents of the multimetal oxide.
After the preformation, the mixed oxide is combined with
sources of the other constituents of the multimetal oxide and
the intimate dry mixture is produced therefrom. If the mixed
oxide comes into contact with solvent, especially with water,
in the course of production of the intimate dry mixture, it is
preferable to ensure that the mixed oxide Y',Y>, 0., or
Bi,.Y?,0,.does not go into solution to a significant extent. A
method of production as described above is described in
detail in the documents DE-A 4407020, EP-A 835, EP-A
575897 and DE-C 3338380.

If the multimetal oxide comprises the elemental constitu-
ents Si, the source used therefor is advantageously aqueous
silica sol (cf., for example, DE-A 102006044520), and the
latter is advantageously stirred into the wet mixture, it being
possible to add water to the wet mixture beforehand. Aqueous
silica sol and water are preferably added simultaneously.

In the course of spray-drying of the wet mixture, it is first
divided into fine droplets, and the fine droplets are then dried.
Preference is given to spray-drying in a hot air stream. In
principle, it is also possible to use other hot gases for spray-
drying (e.g. nitrogen or nitrogen-diluted air, or else other inert
gases).

This spray-drying can be effected either in a cocurrent or in
countercurrent flow of the droplets relative to the hot gas.
Typical gas inlet temperatures are in the range from 250 to
450° C., preferably 270 to 370° C. Typical gas outlet tem-
peratures are in the range from 100 to 160° C. The spray-
drying is preferably effected in a cocurrent flow of the drop-
lets relative to the hot gas.

The wet mixture can also be dried by conventional evapo-
rative concentration (preferably under reduced pressure; the
drying temperature will generally not exceed 150° C.). In
principle, the wet mixture can also be dried by freeze-drying.

10

15

20

25

30

35

40

45

50

55

60

65

12

Intimate dry mixture obtained by spray-drying is also
referred to hereinafter as spray powder.

In principle, the intimate dry mixture can be calcined as
such. Frequently, however, the spray powder is too finely
divided for direct calcination.

The spray powder can be coarsened by subsequent com-
paction (generally to a particle size of 100 um to 1 mm).
Subsequently, the coarsened powder can be used to shape the
hollow cylindrical shaped body, preceded by another addition
of finely divided lubricant if required. Such a compaction for
the purpose of particle coarsening can be effected, for
example, by means of a compactor from Hosokawa Bepex
GmbH (D-74211 Leingarten), of the K 200/100 compactor
type.

In order to achieve a high mechanical stability of the hol-
low cylindrical shaped catalyst body, the compaction is con-
trolled such that the coarsened powder particles obtained
have a bulk density well below the target density of the
shaped, uncalcined hollow cylindrical shaped body. In other
words, further compaction of the coarsened powder particles
is effected in the course of shaping, for example by tableting.

If the compaction is effected under dry conditions, the
compaction may be preceded by mixing, for example, of
finely divided graphite and/or other shaping aids mentioned
in this document (e.g. lubricants and/or reinforcers) with the
spray powder (for example with a drum-hoop mixer). For
example, the compaction can be conducted with a calender
having two contra-rotating steel rollers. Subsequently, the
compactate can be comminuted, specifically to the particle
size appropriate for the envisaged further use, to give a finely
divided precursor material. This can be effected, for example,
by forcing the compactate through a screen having defined
mesh size.

Compaction can in principle also be effected under moist
conditions. For example, the spray powder can be kneaded
with addition of water. After the kneading, the kneaded mass,
in accordance with the subsequent use, can be comminuted
again to the desired level of fineness (cf., for example, DE-A
10049873) and dried to give a finely divided precursor mate-
rial.

The finely divided precursor materials obtainable as
described can then be calcined as such, or first shaped to
hollow cylindrical shaped bodies and then calcined.

If the finely divided precursor material is calcined as such,
it is then possible to produce a hollow cylindrical shaped
catalyst body by shaping it to the hollow cylindrical form (for
example by tableting or extruding), with optional addition of
shaping aids such as lubricants and/or reinforcers. Preferred
lubricants are graphite or stearic acid. Preferred reinforcers
are microfibers of glass, asbestos, silicon carbide or potas-
sium titanate.

Preferably, the intimate dry mixture, preferably the spray
powder, is shaped by compaction to hollow cylindrical
shaped precursor bodies, and the hollow cylindrical shaped
precursor bodies are converted by calcination to the hollow
cylindrical shaped catalyst bodies.

This procedure is preferred especially when the intimate
mixing of the sources of the elemental constituents of the
multimetal oxide to give the finely divided intimate dry mix-
ture is effected in wet form (cf., for example, WO 2008/
087116 and DE-A 102008042060).

Shaping aids which may be added include, for example,
lubricants, for example graphite, carbon black, polyethylene
glycol, polyacrylic acid, stearic acid, starch, mineral oil, veg-
etable oil, water, glycerol, cellulose ether, boron trifluoride
and/or boron nitride. Further useful shaping aids include rein-
forcers such as microfibers of glass, asbestos, silicon carbide
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or potassium titanate, which, after the shaping by compaction
has ended, have a beneficial effect on the integrity of the
resulting shaped body. Use of lubricants in the context of a
corresponding shaping operation can be found, for example,
in documents DE-A 102007004961, WO 2008/087116, WO
2005/030393, US-A 2005/0131253, WO 2007/017431,
DE-A 102007005606 and in DE-A 102008040093.

Preferably, exclusively finely divided graphite is used as a
lubricant. Useful finely divided graphites for use are espe-
cially those recommended in documents WO 2005/030393,
US-A  2005/0131253, WO 2008/087116 and DE-A
102007005606. This is especially true of those graphites
which are used in the examples and comparative examples in
these documents. Very particularly preferred graphites are
Asbury 3160 and Asbury 4012 from Asbury Graphite Mills,
Inc., New Jersey 08802, USA and Timrex® T44 from Timcal
Ltd., 6743 Bodio, Switzerland.

Based on the weight of the intimate dry mixture, it may
comprise, for example, up to 15% by weight of finely divided
lubricant (e.g. graphite). Usually, the lubricant content, how-
ever, is not more than 9% by weight, in many cases not more
than 5% by weight, often not more than 4% by weight, espe-
cially when the finely divided lubricant is graphite. In general,
the aforementioned added amount is at least 0.5% by weight,
usually at least 2.5% by weight.

In general, the shaping to give the hollow cylindrical
shaped precursor body is effected by reaction of outside
forces (pressure) on the dry mixture. The shaping apparatus to
be employed, and the shaping method to be employed, are not
subject to any restriction.

For example, the shaping can be effected by extrusion or
tableting. This is preferably done using the intimate dry mix-
ture when itis dry to the touch. It may, however, comprise, for
example, up to 10% of'its total weight of substances which are
liquid under standard conditions (25° C., 1 atm (1.01 bar)).
The intimate dry mixture may also comprise solid solvates
(e.g. hydrates) including such liquid substances in chemically
and/or physically bound form. The intimate dry mixture may
also be entirely free of such substances.

The preferred shaping process is tableting. The principles
of tableting are described, for example, in “Die Tablette”,
Handbuch der Entwicklung, Herstellung and Qualitéts-
sicherung [“The Tablet”, Handbook of Development, Pro-
duction and Quality Assurance], W. A. Ritschel and A. Bauer-
Brandl, 2nd edition, Edition Verlag Aulendorf, 2002, and are
applicable to the tableting of the intimate dry mixture.

An example of a useful apparatus for the shaping to give the
hollow cylindrical shaped catalyst precursor body is a Kilian
RX 73 or S 100 rotary tableting press (from Kilian in D-50735
Cologne). Alternatively, it is possible to use a Korsch PH
800-65 tableting press (D-13509 Berlin).

In the course of tableting, the ambient temperature for the
tableting machine is normally 25° C. Appropriately in appli-
cation terms, the particle diameter of the intimate dry mix-
ture, optionally as a result of a pre-coarsening operation by
compaction, is in the range of 100 to 2000 um, preferably 150
to 1500 pm, more preferably 400 to 1250 um, or 400 to 1000
um, or 400 to 800 um (shaping aid mixed in prior to the
compaction is not taken into account here). The shaping pres-
sures are advantageously 50 to 5000 kg/cm?, preferably 200
to 3500 kg/cm?, more preferably 600 to 2500 kg/cm?.

The hollow cylindrical shaped precursor bodies preferably
have a minimum residual moisture content.

Preferably, the residual moisture content of the hollow
cylindrical shaped precursor bodies is not more than 10% by
weight, better not more than 8% by weight, even better not
more than 6% by weight, and at best not more than 4% by
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weight or not more than 2% by weight (the residual moisture
content can be determined as described in “Die Bibliothek der
Technik™ [“Library of Technology™], volume 229, “Thermo-
gravimetrische Materialfeuchtebestimmung”, Grundlagen
und praktische Anwendungen [“Thermogravimetric Material
Moisture Content Determination”, Principles and Practical
Applications], Horst Nagel, moderne Industrie publishers
(for example with the aid of a Computrac MAX 5000 XL,
from Arizona Instruments)).

Against this background, spray-drying of the wet mixture
should be conducted in such a way that the resulting spray
powder has a minimum residual moisture content.

Hollow cylindrical shaped precursor bodies should as far
as possible be stored with exclusion of ambient air (having air
humidity) (storage until calcination is preferably effected
under anhydrous inert gas or under air which has been dried
beforehand).

Advantageously, the shaping of the intimate dry mixture is
conducted with exclusion of ambient air (having air humid-
ity) (for example under N, atmosphere).

The calcination of the hollow cylindrical shaped bodies (or
generally of uncalcined finely divided precursor material or
shaped support bodies coated therewith) is effected normally
at temperatures which reach or generally exceed at least 350°
C. Normally, in the course of calcination, the temperature of
650° C., however, is not exceeded (the term “calcination
temperature” in this document means the temperature present
in the calcination material). Preferably, in the course of cal-
cination, the temperature of 600° C., preferably the tempera-
ture of 550° C. and frequently the temperature of 500° C. is
not exceeded. In addition, in the course of the above calcina-
tion, preferably the temperature of 380° C., advantageously
the temperature of 400° C., particularly advantageously the
temperature of 420° C. and most preferably the temperature
0f'440° C. is exceeded.

The calcination period can also be divided into several
sections. Preferred temperature windows for final calcination
temperature are within the temperature range from 400° C. to
600° C., preferably 420 to 550° C., more preferably 440 to
500° C.

The calcination time is generally not more than 10 h. Usu-
ally, the duration of 45 h, or 25 h, is not exceeded. The
duration is often below 20 h. In principle, a shorter calcination
is generally effected at higher calcination temperatures than
at lower calcination temperatures.

The calcination time within the temperature range from
430° C. to 500° C. preferably extends to 10 to 20 h.

Preferably, the calcination is preceded by an often stepwise
thermal pretreatment at temperatures in the range from 110°
C.t0350° C., preferably 120° C. to 320° C., more preferably
130° C. to 290° C. Such a thermal pretreatment is appropri-
ately conducted until the constituents which break down to
gaseous compounds under the conditions of the thermal pre-
treatment have substantially (preferably completely) been
decomposed to gaseous compounds (the time required for
this may, for example, be 3 h to 10 h, frequently 4 h to 8 h).

The duration and the temperature range for the thermal
pretreatment are preferably selected such that the maximum
relative change in mass which is established, based on the
mass of the shaped catalyst precursor body, does not exceed a
value of 1% per minute, in order to reliably avoid significant
impairment of the mechanical shaped catalyst body stability
resulting, for example, from crack formation by the decom-
position gases which form in the shaped catalyst precursor
body.

Both the calcination and the thermal pretreatment which
precedes the calcination can be effected either under inert gas
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or under an oxidative atmosphere, for example air (or a mix-
ture of inert gas and molecular oxygen), or else under reduc-
ing atmosphere (e.g. a mixture of inert gas, NH;, CO and/or
H, or under methane, acrolein, methacrolein). The calcina-
tion and/or the thermal treatment can also be performed under
reduced pressure. The atmosphere can also be varied over the
course of the calcination and/or the thermal pretreatment.

Preferably, the calcination and optionally also the thermal
pretreatment which precedes the calcination are effected in an
oxidizing atmosphere. Appropriately, this consists predomi-
nantly of stationary or (preferably) moving air (more prefer-
ably, an air stream flows through the calcination material).
However, the oxidizing atmosphere may likewise consist of a
stationary or moving mixture of, for example, 25% by volume
of' N, and 75% by volume of air, or 50% by volume of N, and
50% by volume of air, or 75% by volume of N, and 25% by
volume of air (an atmosphere of 100% by volume of N, is
likewise possible).

In principle, the calcination and optionally also the thermal
pretreatment which precedes the calcination can be con-
ducted in a wide variety of oven types, for example heatable
air circulation chambers (air circulation ovens, e.g. air circu-
lation shaft ovens), staged ovens, rotary tube ovens, belt cal-
ciners or shaft ovens. Preference is given to using a belt
calcining apparatus as recommended by DE-A 10046957 and
WO 02/24620. Hotspot formation within the calcination
material is very substantially avoided by virtue of elevated
volume flow rates of calcination atmosphere being conveyed
through the calcination material on a gas-permeable conveyor
belt which bears the calcination material with the aid of
ventilators.

In the course of calcination and optionally also in the
course of the thermal pretreatment which precedes the calci-
nation, shaping aids may be conserved or converted to gas-
eous compounds which escape (e.g. CO, CO,).

The calcined multimetal oxide can be ground to a finely
divided powder, which can be mixed with finely divided inert
diluent material, and the mixed powder thus obtained can be
shaped to a hollow cylindrical shaped body by employing a
shaping process presented in this document (preferably by
tableting). By subsequently calcining this shaped body once
again, the hollow cylindrical shaped catalyst body is then
obtained.

The finely divided inert diluent material can alternatively
also be incorporated into the wet mixture prior to the drying
thereof. In addition, finely divided inert diluent material can
be incorporated into a finely divided dry mixture of sources of
the elemental constituents of the multimetal oxide. However,
such procedures are less preferred.

The specific surface area of the hollow cylindrical shaped
catalyst bodies is advantageously 2 to 20 or 15 m*/g, prefer-
ably 3 to 10 m*/g and more preferably 4 to 8 m*/g. The total
pore volume is advantageously within the range from 0.1 to 1
cm?®/gorto 0.8 cm®/g, preferably within the range 0of 0.1 to 0.5
cm?/g and more preferably within the range of 0.2 to 0.4
cm’/g.

All figures in this document for specific surface areas of
solids relate to determinations to DIN 66131 (Determination
of specific surface area of solids by gas adsorption using the
method of Brunauer, Emmett and Teller (BET)), unless
explicitly mentioned otherwise.

Preferably, the contribution of pores having a pore radius of
notmore than 0.1 um to the total pore volume is not more than
0.05 cm?/g. If the contribution of such comparatively narrow
pores to the total pore volume is more than 0.05 cm®/g, an
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increase in the calcination time and/or the calcination tem-
perature can bring about an advantageous reduction in this
contribution.

Preferably, the contribution of pores having a radius in the
range from 0.2 to 0.4 um to the total pore volume, based onthe
total pore volume, is at least 70% by volume, advantageously
at least 75% by volume, particularly advantageously at least
85% by volume.

All figures in this document relating to total pore volumes
and to pore diameter distributions for these total pore volumes
are based on determinations by the method of mercury poro-
simetry using the Auto Pore 9500 instrument from Micromer-
itics GmbH, D-41238 Moenchengladbach (range 0.003-300
pm).

The hollow cylindrical shaped catalyst bodies have a high
fracture stability in the course of reactor filling. The side
crushing strength of the hollow cylindrical shaped catalyst
bodies is generally 5 to 15 N, preferably 6 to 13 N, more
preferably 8 to 11 N. The experimental determination of the
side crushing strength is conducted as described in the docu-
ments WO 2005/030393 and WO 2007/017431.

The calcined shaped catalyst bodies are preferably stored
in 120 1 metal drums lined with a flat Lupolen sack having a
material thickness of 0.1 mm.

The molecular oxygen and the alkene are contacted with
the fixed catalyst bed by conducting the molecular oxygen
and the alkene over the fixed catalyst bed. Preferably, a reac-
tion gas comprising the molecular oxygen and alkene is con-
ducted over the fixed catalyst bed and thus converted to a
product gas.

The molecular oxygen is preferably supplied to the process
in the form of air.

The proportion of the alkene present in the reaction gas will
generally be 4 to 20% by volume, preferably 5 to 15% by
volume, more preferably 5 to 12% by volume, especially
preferably 5 to 8% by volume, based in each case on the
reaction gas.

Preferably, the reaction gas also comprises at least one inert
diluent gas. Inert diluent gases are understood to mean those
gases which remain chemically unchanged in the course of
the gas phase oxidation to an extent of at least 95 mol %,
preferably to an extent of at least 98 mol %. Examples of inert
diluent gases are N,, CO,, H,O and noble gases such as Ar,
and mixtures of the aforementioned gases. The inert diluent
gas used is preferably molecular nitrogen. The inert diluent
gas may comprise, for example, at least 20% by volume,
preferably at least 40% by volume, more preferably at least
60% by volume, especially preferably at least 80% by volume
and most preferably at least 95% by volume of molecular
nitrogen.

Preferably, cycle gas is used as a reaction gas constituent.
Cycle gas is understood to mean the residual gas which
remains when a,-unsaturated aldehyde and/or a,-unsatur-
ated carboxylic acid is removed essentially selectively from
the product gas of the gas phase oxidation. In this context, it
should be taken into account that the process according to the
invention may only be the first stage of a two-stage gas phase
oxidation to give the o, -unsaturated carboxylic acid as the
actual target compound, such that the cycle gas is then usually
formed only after the second stage. In such a two-stage gas
phase oxidation, the product gas of the first stage, optionally
after cooling and/or secondary oxygen addition (generally in
the form of air), is generally sent to the second gas phase
oxidation.

The reaction gas may also comprise at least one further gas
constituent. The further gas constituent is preferably selected
from CO, methane, ethane, propane, butane, pentane and H,.
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The reaction gas preferably comprises alkene:molecular
oxygen:inert diluent gas in a volume ratio of 1:(1.0 to 3.0):(5
to 25), preferably 1:(1.5 to 2.3):(10 to 20).

In general, the space velocity of propene present in the
reaction gas toward the bed is at least 90 1 (STP)/(1h). Prefer-
ably, the space velocity of propene present in the reaction gas
toward the bed is at least 1001 (STP)/(lh), preferably at least
130 1 (STP)/(1h) in the case of one temperature zone, prefer-
ably at least 160 1 (STP)/(1h) in the case of two temperature
zones. Preferably, the space velocity of propene present in the
reaction gas toward the bed is not more than 500, more pref-
erably not more than 400, further preferably not more than
300 and especially preferably not more than 2501 (STP)/(lh).
Space velocities in the range from 100 to 300 1 (STP)/(1h),
preferably 160 to 300 1 (STP)/(lh) in the case of a plurality of
temperature zones, or preferably 100to 1501 (STP)/(lh) in the
case of one temperature zone, are particularly appropriate. In
this document, the space velocity of propene present in the
reaction gas toward the bed is understood to mean the amount
of'propene present in reaction gas in standard liters (=1 (STP);
the volume in liters that the corresponding amount of propene
would occupy under standard conditions, i.e. at 0° C. and 1
atm (1.01 bar)) which is supplied per liter of bed per hour
(unit: 1 (STP)/(1h)). Upstream and/or downstream beds of
inert material are not counted as part of the bed in space
velocity considerations in this document; in other words, the
volume of the bed is the volume of the bed comprising the
hollow cylindrical shaped catalyst bodies.

In general, a total pressure of 0.5 to 4 bar, preferably of 1.5
to 3 bar, exists in the reaction gas. All pressure figures in this
document relate to absolute pressures.

The process can be conducted, for example, in a fixed bed
reactor having multiple catalyst tubes and one temperature
zone, as described, for example, by DE-A 44 31 957, EP-A
700 714 and EP-A 700 893. In such a reactor, a fixed catalyst
bed divided between the catalyst tubes is present. Typically,
the catalyst tubes in the aforementioned reactors are manu-
factured from ferritic steel and typically have a wall thickness
of'1 to 3 mm. The internal diameter thereof is generally 20 to
30 mm, frequently 21 to 26 mm. A typical catalyst tube length
runs, for example, to 3.20 m.

Preferably, the number of catalyst tubes accommodated in
the shell and tube vessel runs to at least 1000, preferably to at
least 5000. Frequently, the number of catalyst tubes accom-
modated in the reaction vessel is 15 000 to 35 000. Shell and
tube reactors having a number of catalyst tubes above 40 000
tend to be uncommon. Within the vessel, the catalyst tubes are
normally arranged in homogeneous distribution, in which
case the distribution is appropriately selected such that the
distance between the central internal axes of mutually adja-
cent catalyst tubes (called the catalyst tube pitch) is 35 to 45
mm (cf. EP-B 468 290).

The process can also be conducted in a fixed bed reactor
having multiple catalyst tubes and several temperature zones,
as recommended by DE-A 199 10 506, DE-A 103 13 213,
DE-A 103 13 208 and EP-A 1 106 598. A typical catalyst tube
length in the case of a fixed bed reactor having multiple
catalyst tubes and two temperature zones is 3.50 m. Every-
thing else is essentially as in the fixed bed reactor having
multiple catalyst tubes and one temperature zone.

To determine the temperature profile along the fixed cata-
lyst bed in a reaction tube of a shell and tube reactor, it may
have a thermowell which runs from the top downward
through the center of the reaction tube, in which the tempera-
ture can be determined over the entire reaction tube length
with the aid of thermocouples run through the thermowell. In
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principle, any reaction tube present within a shell and tube
reactor and charged with the fixed catalyst bed could be
modified as described above.

Appropriately in application terms, a shell and tube reactor,
however, has only a limited number of thermal reaction tubes
of'this kind, or else merely “thermal tubes” for short (cf., for
example, page 56 of WO 2007/082827, EP-A 873783, EP-A
1270065 and U.S. Pat. No. 7,534,339 B2).

Since thermal tubes, in addition to the fixed catalyst bed,
also have to accommodate the thermowells, given otherwise
identical tube configuration, they would have an equal heat
exchange surface area but a lower free cross section which
can be occupied by the fixed catalyst bed than a mere “reac-
tion tube”. This is taken into account by configuring them (the
thermal tubes) such that the ratio of free cross-sectional area
in the tube to the circumference of the tube is the same for
thermal tube and reaction tube. Otherwise, reaction tube and
thermal tube, given identical tube length, each have the same
fixed catalyst bed structure over their tube length. When
charging with fixed catalyst bed, it should additionally be
ensured that the pressure drop profile established in each case
over the tube length in the course of flow of reaction gas
mixture through reaction tube or thermal tube is uniform in
both tube types. Influence can be exerted in a corresponding
manner via the rate of filling of the tubes with the shaped
bodies and/or through additional use of comminuted (spalled)
shaped bodies (cf., for example, EP-A 873783 and U.S. Pat.
No. 7,534,339 B2). Overall, it is ensured in this way that a
thermal tube and a reaction tube have equal ratios of evolution
of heat of reaction in the tube interior and of removal of heat
of reaction from the tube interior along the entire tube length.
The thermal tube is thus capable of representing the profile of
the temperature in the reaction tube for many reaction tubes.

The temperatures measured in the thermal tubes can thus
beused to determine the highest local temperature in the fixed
catalyst bed and the position thereof in the fixed catalyst bed.

In each temperature zone, a heat exchange medium is con-
ducted around the catalyst tubes between which the fixed
catalyst bed has been divided. Preferred heat exchange media
are melts of salts such as potassium nitrate, potassium nitrite,
sodium nitrite and/or sodium nitrate, or of low-melting metals
such as sodium, mercury and alloys of different metals.

The inlet temperature of the heat exchange medium is
preferably set to 280° C. to 420° C., preferably to 300° C. to
400° C., more preferably to 320° C. to 380° C.

Viewed over the respective temperature zone, the heat
exchange medium can be conducted in cocurrent or in coun-
tercurrent relative to the reaction gas mixture. The flow rate of
the heat exchange medium within the respective temperature
zone is generally selected such that the temperature of the
heat exchange medium rises from the entry point into the
temperature zone to the exit point from the temperature zone
by 0to 15° C., frequently 1 to 10°C.,or2to 8° C., or 3 to 6°
C. Within the temperature zone, the heat exchange medium is
preferably conducted in a meandering manner.

The process can be started up, for example, as described in
DE-A 103 37 788 or as described in DE-A 102009047291.

An o,p-unsaturated aldehyde prepared by the process
according the invention can be converted further to the o,p3-
unsaturated carboxylic acid in a second stage.

By-production of a,f-unsaturated carboxylic acid (acrylic
acid, methacrylic acid) accompanying the gas phase oxida-
tion of alkene (propene, isobutene) to give a,p-unsaturated
aldehyde (acrolein, methacrolein) is generally undesirable.
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The products of value (aldehyde and carboxylic acid) can be
separated in a later process step.

EXAMPLES

Preparation of Hollow Cylindrical Shaped Catalyst
Bodies

Solution A: A temperature-controllable stainless steel ves-
sel (capacity=5 dm®) which was open to the atmosphere (1
atm, 1.01 bar) and was equipped with an anchor stirrer was
initially charged with 1060.5 g of an aqueous cobalt(Il)
nitrate solution (12.3% by weight of Co, 27% by weight of
nitrate (NO®")), pH=1, prepared by dissolving cobalt metal
from MFT Metals & Ferro-Alloys Trading GmbH, D-41474
Viersen, purity >99.6% by weight of Co, <0.3% by weight of
Ni, <100 mg/kg of Fe, <50 mg/kg of Cu, in nitric acid), which
was heated to 60° C. while stirring (150 rpm). While continu-
ing to stir (150 rpm) and continuing to heat to 60° C.,225.0 g
of crystalline iron(III) nitrate nonahydrate (13.9% by weight
of'Fe, <0.4% by weight of alkali metals, <0.01% by weight of
chloride, <0.02% by weight of sulfate, from Dr. Paul Lohm-
ann GmbH, D-81857 Emmerthal) were metered in and the
mixture was stirred at 60° C. for a further 10 min. Added to the
resulting aqueous solution were 278.6 g of an aqueous bis-
muth nitrate solution in nitric acid at 60° C. (12.0% by weight
of Bi, 13% by weight of nitrate, prepared by dissolving bis-
muth metal from Sidech S. A., BE-1495 Tilly, purity
>99.997% by weight of Bi, <7 mg/kg of Pb, <5 mg/kg each of
Ni, Ag, Fe, <3 mg/kg each of Cu, Sb and <1 mg/kg of Cd, Zn
in nitric acid), and the mixture was stirred at 60° C. for a
further 10 min.

Solution B: A temperature-controllable stainless steel ves-
sel (capacity=10 dm>) which was open to the atmosphere (1
atm, 1.01 bar) and was equipped with an anchor stirrer was
initially charged with 4750 g of demineralized water and
heated to 60° C. while stirring (150 rpm). Subsequently, 2.53
g of a 33% by weight aqueous solution of KOH in water at a
temperature of 60° C. were added. After stirring at 60° C. for
a further 1 minute, while keeping the mixture at 60° C.,
568.53 g of ammonium heptamolybdate tetrahydrate (white
crystals having a particle size d of <1 mm, 54% by weight of
Mo, 7.0-8.5% by weight of NH;, max. 150 mg/kg of alkali
metals, from H. C. Starck, D-38642 Goslar) were stirred in in
portions and the resulting aqueous solution was stirred (150
rpm) at 60° C. for a further 20 min.

Solution A at 60° C. was metered continuously with the aid
of a peristaltic pump (model: BVP, supplier: Ismatec SA,
Labortechnik-Analytik, Feldeggstrasse 6, CH-8152 Glatt-
brugg, setting: 320 scale divisions) into solution B which was
at 60° C. and was now being stirred vigorously with an Ultra-
Turrax (from Janke & Kunkel GmbH & Co. KG-IKA-
Labortechnik, Janke & Kunkel-Str. 10, DE-79219 Staufen,
shaft type: 5S0KR-G45 fein, shaft diameter: 25 mm, stator
diameter: 45 mm, rotor diameter: 40 mm, setting: level 5)
within 15 min. Selution A was introduced at the level of the
rotor of the Ultra-Turrax stirrer, offset by about 0.5 to 1 cm
from the outer edge of the rotor of the Ultra-Turrax stirrer. The
resulting aqueous suspension was stirred at 60° C. for another
15 min.

The aqueous suspension was admixed with 48.5 g of Grace
Ludox TM50 silica gel heated to 60° C. (24.4% by weight of
Si, density: 1.29 g/cm®, pH: 8.5 to 9.5, alkali metal content
max. 0.5% by weight), stirred at 60° C. for a further 15 min
and then spray-dried in a Mobile Minor™ 2000 (MM-]) spray
tower from Niro A/S, Gladsaxevej 305, 2860 Soborg, Den-
mark, with a centrifugal atomizer of the FO1A type and an
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atomizer wheel of the S[.24-50 type in a hot air cocurrent
within 90 to 140 min (gas inlet temperature: 350+-10° C., gas
outlet temperature: 140+-5° C.). The stirring of the fraction
which was yet to be spray-dried was continued at a constant
60° C. The setting of the speed of the atomizer wheel was 25
000 rpm. In this way, about 942 g of orange-brown spray
powder were obtained. The residual moisture content of the
spray powder (residual moisture content determination by
means of microwaves) was 3% by weight based on the total
weight of the spray powder.

In a drum-hoop mixer (hoop diameter: 650 mm, drum
volume: 5 1), based on the weight of the spray powder, 1% by
weight of TIMREX T44 finely divided graphite from Timcal
Ltd., CH-6743 Bodio (cf. WO 2008/087116) were mixed into
the spray powder in homogeneous distribution (speed: 30
rpm, mixing time: 30 min). In a laboratory calender with 2
contra-rotating steel rollers (roller diameter: 10 cm; roller
length utilized for intermediate compaction: 13.5 cm; roller
speed: 10 rpm), the homogeneous mixture was compacted at
a pressure of 9 bar and then forced through a screen having
square meshes (edge length=0.8 mm). In the above-described
drum-hoop mixer (30 rpm, mixing time 30 min), based on the
weight of the coarsened spray powder, a further 2.5% by
weight of the same finely divided graphite were mixed into
the thus coarsened spray powder. Subsequently, the finely
divided intimate dry mixture thus obtained, as described in
DE-A 10200804093, was compacted (tableted) with a Kilian
5100 rotary tableting press (9-die tableting machine) (from
Kilian, D-50735 Cologne) under a nitrogen atmosphere and
atan ambient temperature of 25° C. to give hollow cylindrical
shaped bodies of geometry EDxHxID=5 mmx3 mmx2 mm.
The settings of the tableting machine were such that the tablet
weight was 119 mg, corresponding to a tablet density of 2.4
kg/lI.

Shaped bodies of geometry EDxHxID=5 mmx3 mmx2.5
mm, EDxHxID=5 mmx3 mmx3 mm, EDxHxID=6 mmx3
mmx2 mm, EDxHxID=6 mmx3 mmx3 mm and EDxHx
ID=4 mmx3 mmx2 mm were produced correspondingly. The
control parameter in the adjustment of the tableting machine
in each case was a target tablet density of 2.4 kg/l.

The thermal pretreatment and calcination of the shaped
bodies thus obtained was effected as described on page 29 of
DE 10 2011 084 040 Al for annular shaped unsupported
catalyst bodies.

Gas Phase Oxidation of Propene to Acrolein and Acrylic Acid
Using a Fixed Catalyst Bed Having Successive Reaction
Zones

A reaction tube (1.4541 stainless steel (EU standards num-
ber EN 10088-3; external diameter 33.7 mm; wall thickness 2
mm; internal diameter 29.7 mm; length 400 cm, thermowell 4
mm) was charged from the bottom upward as follows:
Section 1: length 90 cm

upstream bed of steatite rings of geometry 7 mmx3 mmx4

mm (external diameterxlengthxinternal diameter; C220
steatite from CeramTec);
Reaction zone: consisting of 2-3 sections (see table 1; zone 1
is the closest to the reactor inlet)
Section 2: length 57 cm

downstream bed of the same steatite rings as in section 1;
Section 3: length 46 cm

empty tube

Table 1 presents the structures of the reaction zones. To
adjust relative volume-specific catalyst activity, shaped cata-
lyst bodies were diluted with inert steatite rings of geometry
5 mmx3 mmx2 mm (external diameterxlengthxinternal
diameter, C220 steatite from CeramTec).
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A reaction gas mixture having the following contents was
conducted from the top downward through the respective
reaction tube charged as described above:

5.2 t0 6.5% by volume of propene,

3 to 3.5% by volume of H,O,

0.3 t0 0.6% by volume of CO,

0.6 to 1.0% by volume of CO,,

0.02 to 0.05% by volume of acrolein,

9.8 t0 10.4% by volume of O, and

as the remaining amount to 100% molecular nitrogen.

The space velocity of propene toward the fixed catalystbed
in each case was 100 1 (STP)/(1h).

A stirred and externally electrically heated salt bath (mix-
ture of 53% by weight of potassium nitrate, 40% by weight of
sodium nitrite and 7% by weight of sodium nitrate; 50 kg of
salt melt) flowed around each reaction tube over its length (the
flow rate at the tube was 3 m>/h (in the plane at right angles to
the longitudinal axis of the tube)).

The salt bath temperature TZ (° C.) (with which the salt bath
was supplied) was set in all cases so as to result in a propene
conversion, based on a single pass of the reaction gas mixture
through the fixed catalyst bed, of 96.0 mol %. There was no
change in the salt bath temperature along the reaction tube as
aresult of additional heating (more heat was emitted from the
salt bath than was released from the reaction tube to the salt
bath). The feed temperature of the reaction gas mixture (at the
inlet into the reaction tube) was set to the respective salt bath
temperature in each case.

The temperature in the catalyst bed was measured continu-
ously by a thermocouple which had been positioned in a
thermowell within the interior of the reactor tube and had
been moved from the bottom upward within the reactor bed
with the aid of a tractor machine. The maximum temperature
of'this measurement corresponded to the hotspot temperature
TZ.

TABLE 1
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number of moles of propene converted to acrolein and acrylic acid X
100

S=
number of moles of propene converted overall

(the conversion numbers each based on a single pass of the
reaction gas mixture through the fixed catalyst bed).
Gas Phase Oxidation of Propene to Acrolein and Acrylic Acid
Using a Fixed Catalyst Bed with Two Successive Heating
Zones
A thermal reaction tube (V2A steel; external diameter 33.7
mm, wall thickness 2 mm, internal diameter 29.7 mm, length:
350 cm, and a thermal protection tube (thermowell) running
through the center of the thermal tube from the top downward
for accommodating a thermocouple with which the reaction
temperature (the effective fixed catalyst bed temperature) was
determinable over the entire tube length) was charged from
the top downward as follows:
Section 1: length 50 cm
steatite rings of geometry 7 mmx7 mmx4 mm (external
diameterxlengthxinternal diameter, C220 steatite from
CeramTec) as a preliminary bed.
Section 2 length 10 cm
catalyst charge with a homogeneous mixture consisting of
20% by weight of steatite rings of geometry 5 mmx3
mmx2 mm (external diameterxlengthxinternal diam-
eter; C220 steatite from CeramTec), 80% by weight of
shaped catalyst bodies of geometry EDxHxID=5 mmx3
mmx2 mm.
Section 3 length 130 cm
catalyst charge with a homogeneous mixture consisting of
20% by weight of steatite rings of geometry 5 mmx3
mmx2 mm (external diameterxlengthxinternal diam-

Shaped catalyst bodies:

Reaction zone: dimensions

Dilution with inert material

Relative volume-specific

length [m] [mm] (EDP x H? x ID®) [% by weight] catalyst activity [%]
Ex. Zonel Zone2 Zone3 Zone 1 Zone 2 Zone 3 Zonel Zone2 Zone3 Zonel Zone2 Zone3
1 0.1 0.9 1.8 5x3x2 5x3x3 5x3x2 20 20 0 80 56 100
2 0.1 0.9 1.8 5x3x2 5x3x3 5x2x2 20 20 0 80 56 100
3% 0.1 0.9 1.8 5x3x2 5x3x2 5x3x2 20 40 0 80 60 100
4% 1 1.8 5x3x2 5x3x2 — 40 0 — 60 100
5 0.1 0.9 1.8 5x3x2 4x3x2 5x3x2 20 40 0 80 60 100
*)comparative example
Dexternal diameter
Dheight
Yinternal diameter
TABLE 2 eter; C220 steatite from CeramTec), 80% by weight of
shaped catalyst bodies of geometry EDxHxID=5 mmx3
2D TH2 ¥y s® 355 mmx3 mm.
Ex Qe cC) (m) (mol %) Section 4: length 160 cm
catalyst charge of 100% by weight of shaped catalyst bod-
2 346 405 0.4 96.65 . .
ies of geometry EDxHxID=5 mmx3 mmx2 mm.
3% 346 396 0.35 96.3 . .
The thermal reaction tube is supposed to reflect the behav-
60 ior of a simple reaction tube made of corresponding material

D salt bath temperature
2 hotspot temperature

> hotspot position (the zero point is the start of the reaction zone); the position 0.4 or 0.35
shows that the hotspot in both cases is in the 2nd zone.

R selectivity of product of value formation (products of value: acrolein and acrylic acid)
based on the propene converted

The selectivity of product of value formation (S (mol %)) is
understood in this document to mean:

65

with identical tube length, the internal diameter of which is 26
mm with wall thickness 2 mm, and which is charged in a
corresponding manner to the thermal reaction tube.

From the top downward, the first 175 cm of the thermal
reaction tube were thermostatted by means of a salt bath A
pumped in countercurrent to the reaction mixture over the 175
cm, which was supplied with the temperature T_A. The sec-
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ond 175 were thermostatted by means of a salt bath B pumped
in countercurrent in a corresponding manner, which was sup-
plied with the temperature T_B. Over the particular tempera-
ture zone, the particular salt bath temperature was essentially
constant.

The two salt baths A, B each consisted of 53% by weight of
potassium nitrate, 40% by weight of sodium nitrite and 7% by
weight of sodium nitrate. In the two tube sections, each of
length 175 cm, the flow toward the reaction tube was essen-
tially vertical with respect to the flow direction of the reaction
gas. The flow rate of the two salt melts was such that a further
increase essentially did not bring about any improvement in
the heat transfer from the thermal tube interior into the salt
bath (cf. EP-A1547994).

The thermal tube charged as described above was charged
with a reaction gas input mixture which had the following
contents and was obtained from air (as the oxygen source),
chemical-grade propene and cycle gas:

6 to 6.5% by vol. of propene

0.7 to 1.2% by vol. of H,O,

0.4 t0 0.6% by vol. of CO,

0.7 to 1.1% by vol. of CO,,

0.01 to 0.04% by vol. of acrolein,

0.005 to 0.015% by vol. of ethene,

0.025 to 0.035% by vol. of propane,

10.8 to 11.7% by vol. of O, and

at least 77% by vol. of N,.

The space velocity of propene present in the reaction gas
input mixture on the fixed catalyst bed was always within the
range of 150 to 200 1 (STP)/(1h). The pressure at the inlet of
the thermal reaction tube was within the range of 1.5 to 2.5
barG. The temperatures T_A and T_B were 325 and 341° C.,
respectively.

The invention claimed is:

1. A process for preparing an o,f-unsaturated aldehyde
and/or an o, p-unsaturated carboxylic acid, the process com-
prising:

reacting an alkene with molecular oxygen by gas phase

oxidation in a reactor with an inlet and an outlet over a
fixed catalyst bed comprising a bed of hollow cylindrical
shaped catalyst bodies comprising a multimetal oxide
active composition,

wherein

the fixed catalyst bed comprises at least three successive

reaction zones;
the highest local temperature in the fixed catalyst bed does
not occur in a reaction zone closest to the reactor outlet;

the highest local temperature in the fixed catalyst bed does
not occur in a reaction zone closest to the reactor inlet;
and

avalue WT calculated according to the following equation

in a reaction zone in which the highest local temperature
in the fixed catalyst bed occurs is lower than WT values
in the other reaction zones:

ED-ID
T2

wr

where ED is an external diameter and ID is an internal
diameter of the cylindrical shaped catalyst body.
2. The process according to claim 1, wherein the multim-
etal oxide active composition comprises iron, bismuth and at
least one of molybdenum and tungsten.
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3. The process according to claim 2, wherein the multim-
etal oxide active composition corresponds to formula (1)

Mo 5Bi Fe, X! X2 X3 X" 0,

where

X! is nickel and/or cobalt,

X2 is thallium, an alkali metal and/or an alkaline earth
metal,

X? is zinc, phosphorus, arsenic, boron, antimony, tin,
cerium, lead, vanadium, chromium and/or tungsten,

X* is silicon, aluminum, titanjum and/or zirconium,

a is a number of from 0.2 to 5,

b is a number of from 0.01 to 10,

¢ is a number of from 0 to 10,

d is a number of from 0 to 2,

e is a number of from 0 to 8,

fis a number of from 0 to 10, and

n is a number determined by valency and frequency of
elements other than oxygen in the formula (I);

or the multimetal oxide active composition corresponds to
formula (IT)

@

(Y Y207 LYY Yo Y Y Y5,0,1, (n

where

Y is bismuth or is bismuth and at least one of tellurium,
antimony, tin and copper,

Y, is molybdenum or tungsten, or is molybdenum and
tungsten,

Y? is an alkali metal, thallium and/or samarium,

Y* is an alkaline earth metal, nickel, cobalt, manganese,
zinc, tin, cadmium and/or mercury,

Y? is iron or is iron and at least one of vanadium, chromium
and cerium,

Y¢ is phosphorus, arsenic, boron, antimony and/or bis-
muth,

Y7 is a rare earth metal, titanium, zirconium, niobium,
tantalum, rhenium, ruthenium, rhodium, copper, silver,
gold, aluminum, gallium, indium, silicon, germanium,
lead, thorium and/or uranium,

Y*® is molybdenum or tungsten, or is molybdenum and
tungsten,

a'is a number of from 0.01 to 8,

b' is a number of from 0.1 to 30,

¢'is a number of from 0 to 4,

d'is a number of from 0 to 20,

' is a number greater than O to but not greater than 20,

f' is a number of from 0 to 6,

g' is a number of from 0 to 15,

h' is a number of from 8 to 16,

x'and y' are numbers determined by valency and frequency
of elements other than oxygen in the formula (II), and

p and q are numbers whose ratio p/q is from 0.1 to 10.

4. The process according to claim 1, wherein the cylindri-
cal shaped catalyst bodies have a geometric volume of less
than 80 mm?>.

5. The process according to claim 1, wherein a volume-
specific catalyst activity of the reaction zone in which the
highest local temperature in the fixed catalyst bed occurs is
lower than volume-specific catalyst activity in the other reac-
tion zones.

6. The process according to claim 1, wherein a catalyst
active composition density in the reaction zone in which the
highest local temperature in the fixed catalyst bed occurs is
lower than catalyst active composition densities in the other
reaction zones.
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7. The process according to claim 1, wherein the cylindri-
cal shaped catalyst bodies have a density of from 1.2 to 2.0
g/em?®.

8. The process according to claim 1, wherein

the external diameter of the cylindrical shaped catalyst

bodies in the reaction zone in which the highest local
temperature in the fixed catalyst bed occurs is less than
the external diameter of the cylindrical shaped catalyst
bodies in the other reaction zones, and

the internal diameter of the cylindrical shaped catalyst

bodies in all the reaction zones is the same.

9. The process according to claim 1, wherein

the internal diameter of the cylindrical shaped catalyst

bodies in the reaction zone in which the highest local
temperature in the fixed catalyst bed occurs is greater
than the internal diameter of the cylindrical shaped cata-
lyst bodies in the other reaction zones, and

the external diameter of the cylindrical shaped catalyst

bodies in all the reaction zones is the same.

10. The process according to claim 1, wherein the cylin-
drical shaped catalyst bodies in all reaction zones have the
same height.

11. The process according to claim 1, wherein the fixed
catalyst bed comprises a first, a second, and a third successive
reaction zones, and

the first reaction zone makes up 2 to 5% by volume of the

fixed catalyst bed,

the second reaction zone makes up 25 to 45% by volume of

the fixed catalyst bed, and

the third reaction zone makes up 50 to 73% by volume of

the fixed catalyst bed.

12. The process according to claim 1, wherein the fixed
catalyst bed comprises a first, a second, and a third successive
reaction zones, and

the first reaction zone has 70 to 90% of volume-specific

catalyst activity of the third reaction zone, and

the second reaction zone has 50 to 70% of the volume-

specific catalyst activity of the third reaction zone.

13. The process according to claim 1, wherein the fixed
catalyst bed comprises a first, a second, and a third successive
reaction zones, and

the first reaction zone has 70 to 90% of catalyst active

composition density of the third reaction zone, and

the second reaction zone has 50 to 70% of the catalyst

active composition density of the third reaction zone.

14. The process according to claim 1, wherein the cylin-
drical shaped catalyst bodies have an external diameter of
from 3 to 5 mm, a height of from 2 to 4 mm, and an internal
diameter of from 1 to 4 mm.

15. The process according to claim 1, wherein the fixed
catalyst bed comprises a first, a second, and a third successive
reaction zones, and

the first reaction zone comprises shaped catalyst bodies

having an external diameter of 5 mm, a height of 3 mm
and an internal diameter of 2 mm,
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the second reaction zone comprises shaped catalyst bodies
having an external diameter of 5 mm, a height of 3 mm
and an internal diameter of 3 mm, and

the third reaction zone comprises shaped catalyst bodies

having an external diameter of 5 mm, a height of 3 mm
and an internal diameter of 2 mm.
16. The process according to claim 1, wherein the fixed
catalyst bed comprises a first, a second, and a third successive
reaction zones, and
the first reaction zone comprises shaped catalyst bodies
having an external diameter of 5 mm, a height of 2.5 mm
and an internal diameter of 2 mm,

the second reaction zone comprises shaped catalyst bodies
having an external diameter of 5 mm, a height of 2.5 mm
and an internal diameter of 3 mm, and

the third reaction zone comprises shaped catalyst bodies

having an external diameter of 5 mm, a height of 2.5 mm
and an internal diameter of 2 mm.
17. The process according to claim 1, wherein the fixed
catalyst bed comprises a first, a second, and a third successive
reaction zones, and
the first reaction zone comprises shaped catalyst bodies
having an external diameter of 5 mm, a height of 3 mm
and an internal diameter of 2 mm,

the second reaction zone comprises shaped catalyst bodies
having an external diameter of 4 mm, a height of 3 mm
and an internal diameter of 2 mm, and

the third reaction zone comprises shaped catalyst bodies

having an external diameter of 5 mm, a height of 3 mm
and an internal diameter of 2 mm.
18. The process according to claim 1, wherein the fixed
catalyst bed comprises a first, a second, and a third successive
reaction zones, and
the first reaction zone comprises shaped catalyst bodies
having an external diameter of 5 mm, a height of 2.5 mm
and an internal diameter of 2 mm,

the second reaction zone comprises shaped catalyst bodies
having an external diameter of 4 mm, a height of 2.5 mm
and an internal diameter of 2 mm, and

the third reaction zone comprises shaped catalyst bodies

having an external diameter of 5 mm, a height of 2.5 mm
and an internal diameter of 2 mm.

19. The process according to claim 1, wherein one or more
reaction zones in the fixed catalyst bed comprise mixtures of
shaped catalyst bodies and inert material.

20. The process according to claim 19, wherein the inert
material is in a form of hollow cylindrical shaped bodies,
which has dimensions corresponding essentially to the exter-
nal diameter, height and internal diameter of the shaped cata-
lyst bodies in the respective reaction zone.

21. The process according to claim 19, wherein steatite is
the inert material.

22. The process according to claim 1, wherein

the alkene is propene, and

the a,p-unsaturated aldehyde is acrolein.
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